We report maskless microfabrication of periodic structures in thin metallic films by femtosecond laser ablation. Two-dimensional (2D) triangular arrays of circular apertures with diameter of about 0.6 − 0.8 μm and a lattice period of 1.0 and 2.0 μm were fabricated by single-and multiple laser pulse ablation of 35 nm thick gold films sputtered on glass substrates. Optical transmission spectra of the fabricated samples exhibit transmission bands at infrared wavelengths. Theoretical modeling of the optical properties by Finite-Difference Time-Domain (FDTD) technique indicates that these bands are associated with localized and propagating surface plasmon (SP) modes. FDTD simulations also indicate substantial resonant enhancement of the near-field intensity at the metal's surface. Laser ablation of thin metallic films is therefore a promising route for fast prototyping of planar metallic micro-and nano-structures applicable as frequency-selective surfaces (FSS) and SP substrates.
INTRODUCTION
Femtosecond lasers are widely used for tailoring of photonic micro-and nano-structures in various materials.
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Tightly focused femtosecond laser beams are widely used for direct laser writing (DLW) of waveguides, 5 photonic crystals, 6 optical memories, 7 micro-mechanical and micro-fluidic systems. 8, 9 In this approach, three-dimensional (3D) structures embedded in the bulk of transparent materials can be recorded via local photomodification at the focus, induced via two-photon or multi-photon absorption.
10 Suitability of this method for formation of almost arbitrary 3D structures is perhaps its most attractive feature. Equally important is the high flexibility of this maskless fabrication method, which is fast, and does not require special environment (e.g., cleanroom or high-vacuum conditions). One can benefit strongly from this flexibility even when when fabricating simpler, planar two-dimensional (2D) structures. Fine patterning of 2D structures on surfaces and thin films of noble metals (Au, Ag, Al, Cu) has become very important recently due to application of these metallic structures as plasmonic substrates. 11, 12 Patterned metallic substrates supporting localized and/or propagating surface plasmon (SP) modes use strong plasmonic near-field localization near the metal's surface, and the corresponding local intensity enhancement to promote optical linear and non-linear absorption and emission processes. Active wavelength range of these metallic structures is generally comparable to the period of the structure (or to average feature size). High-quality metallic structures for applications at visible (VIS) and near infra-red (NIR) wavelengths can be fabricated with nanometric resolution using electron-beam lithography (EBL). However, this approach is realatively expensive and time-consuming. Fast and cost-efficient fabrication techniques are therefore of considerable interest, especially for structures aimed at infra-red (IR) and terahertz (THz) spectral ranges, which have larger feature size and lattice period, and therefore do not require highest resolution of fabrication. In this case, DLW emerges as an interesting candidate technique capable of providing both adequate resolution and fast prototyping.
Here, we report use DLW technique for fast, maskless prototyping of simple 2D periodic structures in thin gold films deposited on transparent glass substrates. Tightly focused pulses of a femtosecond laser are used to induce ablation of the film in sub-micrometer sized circular areas, producing circular apertures in the film almost instantaneously. Extended periodic structures with apertures arranged into triangular lattice are realized within minutes by accurately-controlled traslation of the focal spot between consecutive laser shots. Fabrication process and typical parameters of the structures are illustrated schematically in Fig. 1 . The fabricated structures have satisfactory quality, and their transmission spectra are found to exhibit spectral bands of enhanced transmission at infrared wavelengths. Using theoretical modeling by Finite-Difference Time-Domain (FDTD) technique, 17 we are able to reproduce these spectra on a qualitatively level, and also to demonstrate that the resonant transmission bands are due to SP modes whose near-field is significantly localized close to the edges of apertures in the gold film, where its intensity is enhanced. These results indicate versatility of the proposed fabrication method for cost-efficient rapid prototyping of metallic micro-and nano-structures for applications at infared wavelengths, such as frequency-selective surfaces and plasmonic substrates.
FABRICATION AND CHARACTERIZATION OF SAMPLES

Optical setup for fabrication by DLW technique
Optical setup for used for the fabrication is shown schematically in Fig. 2 . The laser source is a femtosecond Hurricane X system (Spectra-Physics) with a pulse duration of about 150 fs (at the focus), a central wavelength of 800 nm, and a repetition rate adjustable within the 1-1000 Hz range. The laser beam is attenuated by a variable attenuator, and expanded to a diameter of about 12 mm using a Gallilean telescope. Subsequently, the beam is coupled into an inverted optical microscope (Olympus IX71) which houses various focusing objective lenses and a sample holder mounted on a high-accuracy translation stage. An oil-immersion lens having a numerical aperture (NA) of 1.4 and an air lens with NA=0.9 were used for focusing of the laser beam. During the fabrication laser beam was stationary, while the sample was translated by a piezoelectric transducer (PZT) controlled 3D translation stage consisting of paired x-y and z stages (Physik Instrumente P-517.2CL, and P-518.ZCL, respectively). The PZT stages provide positioning with accuracy of several nanometers within the stroke of (100 × 100 × 100) μm. In our experiments the sample was translated mainly in the x − y plane, whereas z− axis adjustment was only used for adjustment of the focusing plane. Prior to the fabrication, tilt of the substrate was carefully adjusted in order to achieve identical focusing conditions across the entire area of the sample. The fabrication was monitored visually under illumination of a halogen lamp using a video camera. The laser pulse repetition of 15 Hz was used, which provided time intervals sufficient for the translation stage to move between the neighboring ablation spots, and an additional waiting time for mechanical relaxation of the stage vibrations. The fabrication procedure was controlled by a personal computer. Diameter of the laser-ablated apertures was controlled by adjusting the laser pulse energy. All structures were fabricated in a single-shot irradiation regime. Typically, pulse energies of about 5 and 15 nJ were required for focusing by NA=1.4 and NA=0.9 objective lenses, respectively, in order to produce circular apertures with smooth edges and diameter not exceeding the laser wavelength.
Samples and their parameters
Geometry of the samples and their typical parameters are shown in Fig. 1(b) above. The initial samples were gold films sputtered on microscope cover-glass substrates (Matsunami) with size of (24 × 24) mm, and a thickness of 0.17 mm. Thickness of sputtered gold film was h=36 nm. Note, that using our technique, no primer layer (Cr, Ti, or other metal) between gold film and glass substrate was necessary in order to improve adhesion of gold to the substrate. For comparison, primer layer would be crucial when using EBL and lift-off techniques for the nanostructure formation. 
Characterization techniques
Structural characterization
Structural properties and quality of the samples were examined using scanning electron microscope (SEM) JSM-6700FT (JEOL). Thickness of the sputtered Au film was measured using Atomic Force Microscope (AFM) VN-8000 (Keyence Co.)
Experimental measurements of optical transmission spectra
Optical characterization of the samples in the IR spectral range was done using Fourier-Transform Infra-Red (FT-IR) spectrometer FT/IR-6000TM-M (Jasco) equipped with an in infrared microscope attachment. Simplified optical scheme of the measurement setup is shown in Fig. 3The infrared microscope uses Cassegrain reflection objectives for the formation of probing infrared beam incident on the sample, and for collection of the transmitted/reflected signals (we only use transmission measurements in this study). During the measurements, the gold film was oriented normal to the optical axis of the objectives. Micro FT-IR setup is mainly used due to convenience of the microscope attachment, which enables convenient performance of optical measurements on small samples with lateral dimensions as small as few micrometers. The disadvantage of Cassegrain objectives is in the circumstance that radiation propagating along the optical axis of the system (i.e., along the normal to the sample surface) is eliminated by its central pupil, thus limiting their angular acceptance range to a hollow cone with minimum and maximum acceptance angles in our case being equal to16 0 and 32 0 , respectively. These angular limitations affect the measured transmission spectra, since planar metallic structures are generally sensitive to the incidence and observation angles, which defines the magnitude of in-plane and normal components of the wave-vector.
Theoretical simulations by FDTD technique
FDTD Solutions software package (Lumerical, Inc.) was used for FDTD modeling. Geometric parameters of the model structures determined from SEM and AFM observations were used in the simulations. Dielectric properties of gold in the IR spectral region were described using polynomial approximation of the available experimental data, 20 while the glass substrate was assumed to be a dielectric with refractive index n = 1.47. FDTD simulations were performed using a standard approach: short, spectrally broad radiation pulse having plane-wave spatial distribution was launched along the normal to the surface of the gold film, and its propagation was calculated according to discretized set of Maxwell's equations. From spatio-temporal evolution of the transmitted pulse, spectral transmission and near-field patterns were subsequently obtained. 17 The FDTD simulation domain was comprised of one unit cell of the periodic structure with periodic boundary (PB) conditions imposed at its lateral Laser wavelength AFM Figure 4 . Dependence of the diameter of ablation apertures on the laser pulse energy for single pulse iradiatio conditions. At pulse energies below 4 nJ the diameter becomes smaller than the central wavelength of the laser pulse. Insets show SEM and AFM images of the apertures at various pulse energies.
boundaries, and perfectly-matched layer (PML) boundary conditions imposed at its top and bottom boundaries (i.e., along the direction of pulse propagation). FDTD domain was discretized on a rectangular mesh with spacing of 5 nm. The simulations also accounted for limited angular range of detection for the transmitted radiation. This was achieved by performing near-to-far-field transform of the transmitted field (detected at a monitor plane located in the near-field), and by subsequent angular filtering within the experimental angular range (16 0 − 32 0 ).
RESULTS AND DISCUSSION
Control of aperture size and formation of periodic aperture arrays
According to the scheme shown in Fig. 1(a) , ablation of metallic films can be achieved for front-side ablation (laser pulse is incident directly on the metallic film), and for back-side ablation (laser pulse is incident from the glass substrate side). We have experimented with various focusing conditions and focusing lenses, and best performance in terms of fabrication resolution and quality was achieved using tight focusing. Two objective lenses ensuring nearly diffraction-limited focal spot size were used for this study: an oil-immersion lens with NA=1.4, and an air lens with NA=0.9. For the oil lens, one has to use the back-side ablation geometry, while for the air lens both front-and back-side geometries are possible. We found the back-side ablation to be generally more efficient than the front-side ablation, since it can produce better-shaped apertures with fewer byproducts (such random metallic debri). Higher efficiency of back-side ablation is most likely related to the circumstance that laser pulse directly irradiates interface between the substrate and the gold film. Optical damage threshold is usually lower at inhomogeneities, such as surfaces and interfaces, thus helping to efficiently dislodge the metallic film. Therefore below we mainly consider fabrication using the back-side ablation geometry.
Diameter of the ablation apertures is controlled by the laser pulse energy, which was optimized by consecutive recording of test structures with gradually decreasing laser pulse energy, and observing size and shape of the ablated apertures by SEM and AFM. Fig. 4 shows dependence of the diameter on the laser pulse energy for singleshot ablation under focusing by NA=1.4 oil-immersion lens. Insets to the Figure illustrate characteristic shapes of apertures obtained in different irradiation regimes. As can be seen, at highest pulse intensities (≈ 20 nJ), large apertures with diameters exceding the laser wavelength are obtained. At these pulse energies shape of the apertures becomes elliptical, most likely due to imperfect transverse shape of the laser beam. In addition, significant ablative damage pits with lateral size of 200-300 nm developed on the underlying glass substrate. Decreasing the pulse energy to ≈ 10 nJ leads to smaler, circular apertures, but damage of the substrate is still significant. Further decreasing the pulse energy to the level of 5-7 nJ resuls in ablation of the gold film only, without any damage of the substrate. In this regime circular apertures with diameter d = 0.76 μm, i.e., smaller than the laser wavelength can be obtained. A similar dependence was obtained using less tightly focusing air lens with NA=0.9. For this lens, substrate damage was less pronounded, and higher laser pulse energies were generally required in order to produce a similar degree of ablation of the gold film. We have found that pulse energy of ≈ 15.0 nJ was close to optimum. Figure 5 shows SEM mages of two samples fabricated using oil-immersion (a) and air (b) focusing lenses. The first sample shown in the Figure has lattice period a = 2.0 μm and aperture diameter d = 0.76 μm, and was fabricated at a pulse energy of 5.0 nJ (measured at the focus). The total area of the structure was (80 × 80) μm 2 . As can be seen, careful adjustment of the pulse energy allows one achieve smaller apertures using air lens, despite its lower numerical aperture. However, in this case melting near the edges of the apertures is more obvious. The effect of melting is to form thicker ring-like areas around the apertures. Inspection of the fabricated structures by AFM has revealed that melting rings have maximum width of about 20-30 nm and height (with respect to the surface of unprocessed areas) of about 15 nm. Although melting leads to structural deviations from the idealized structure shown in Fig. 1(b) , it occurs at every aperture and therefore does not affect uniformity of the array significantly. Another side effect of ablation is formation of randomly dispersed spheroidal gold nanoparticles with sizes not exceeding few tens of nanometers.
Formation of quasi-random and random structures
The data presented in Sect. 3.1 has demonstrated fabrication by DLW of structures consisting of isolated apertures It would be interesting to try use the same approach for free-form drawing by the focused laser beam. Successful realization of such drawing may help realize arrays of isolated metallic particles on glass substrates. Tailoring of planar metallic micro-and nano-structures is usually performed by EBL and lift-off techniques, in which case highly homogeneous arays of metallic nanoparticles capable of exhibiting strong SP near-field localization and intensity enhancement can be obtained. similar structures, at least for applications in IR and terahertz (THz) spectral ranges, where lower resolution of fabrication is sufficient. Below we describe an attempt of continuous drawing of rectangular grid, which can be expected to produce arrays of elongated nanorod-like gold areas. Figure 6 (a,b) shows SEM images of ablated metallic films obtained by drawing a rectangular grid with spacing of Δx = 1 μm, Δy = 2 μm (the drawing lines are schematically emphasized by dashed lines in Fig. 6 (a) ) at the maximum available pulse repetition rate of 1 kHz, and the constant drawing speed of 100 μm/s. Oilimmersion lens with NA=1.35 was used in this fabrication. In this case, neighboring ablation spots overlap multiple times, resulting in multi-shot irradiation regime, and removal of the gold film along the translation path. As can be seen, the resulting structure consists is somewhat random. However, arrays of elongated metallic areas having form factor of a rectangle and identical orientation of their long axis can be recognized from the images. Interestingly, these areas are connected by quasi-regular array of thin (≈ 50 nm) gold wires along the horizontal direction. Along the vertical direction, fewer lines are observed. Chaotic shapes of the gold nanowires indicate that significant melting takes place during their formation. Predominant orientation of the gold nanowires along direction perpendicular to the polarization of the incident wave (Fig. 6 (a) ) can be interpreted tentatively as an indication that nanowires share common origin with nano-ripples that can be created on metallic surfaces under laser irradiation. 24, 25 Overall topology of these structures is reminiscent of fishnet structures, 26 which have attracted some attention recently due to their potential applications as negative refractive index materials. Although quality of the fabrication is somewhat compromised by the randomness, structures containing high density of micro-and nano-scale metallic features may support a wide variety of SP modes abd therefore be interesting for plasmonic applications. patches and wires is obtained, and no elongated metallic patches can be seen anymore. We have verified that by using even more dense grid, isolated nanoparticles of various size can be obtained. Femtosecond laser ablation of noble metals is currently being widely used for preparation of liquid suspensions of metallic nanoparticles.
27, 28
DLW can provide a route towards direct fabrication of random micro-and nano-scale metallic structures already attached to supporting substrates.
As can be seen, fabrication of well-ordered arrays of metallic nanoparticles using DLW is difficult due to significant disorder induced during the irradiation and immediately afterwards (for example, during cooling of melted metallic regions).
Optical properties of periodic structures
In this section we will focus on optical properties of periodic structures discussed in Sect. 3.1, in particular the structure shown in Fig. 5 (b) . Comparison between the measured and theoretically simulated transmission spectra is shown in Fig. 7(a) . Both spectra exhibit qualitatively similar features. The most important feature is the resonant transmission band, which peaks near the wavelength of 1.75 μm for the experimental spectrum, and near the wavelength of 2.0 μm for the calculated spectrum. This difference is relatively insignificant, and may be assigned to various imperfections of the samples (such as melting of Au film, which produces thicker edges of the apertures), that were not accounted for in the modeling. At the same time, transmission of unprocessed Au film was very low and had no prominent features in the entire experimental spectral range. Peak wavelength of the resonant transmission band substantially exceeds the aperture diameter (∼ 0.65 μm), thus indicating that enhanced transmission is clearly a sub-wavelength phenomenon arising due to the periodic structure. It is instructive to examine the physical mechanism responsible for the observed enhanced transmission by analyzing near-field patterns obtained from FDTD simulations near the resonance wavelength. Figure Fig. 7(b) shows spatial distribution of the near-field intensity calculated on three planes parallel to the surface of the gold film (top and half-height of Au film, and Au/glass interface). The field patterns were simulated at the wavelength of 1.35 μm, where field enhancement tends to reach maximum. The near-field intensity is normalized to the intensity of the incident wave, and thus represents near-field intensity enhancement factor. The choice of wavelength for the calculations of of near-field patterns can be explained by the calculated spectral dependence of the field enhancement factor on the half-height plane, shown in Fig. 7(a) , which has a clear peak near the chosen wavelength. All three calculated patterns in Fig. 7(b) indicate localization of the near-field inside the apertures, where intensity enhancement by approximately 5 times is reached. Even stronger field localization occurs near the edges of apertures, where intensity enhancement factor reaches from 12 to 29 on different planes. Formation of resonant bands characterized by near-field localization and intensity enhancement is common to nanostructures of noble metals, and is widely associated with surface plasmons, which are coupled oscillations of the electromagnetic wave and free electrons of the metal. SP are known to play crucial role in promoting transmission through sub-wavelength apertures and aperture arrays. 29, 30 Therefore, comparison between our our findings, and the available literature suggests a strong role of SP effects on the observed spectral transmission bands and near-field enhancement.
CONCLUSIONS
We have demonstrated thatm maskless microfabrication of thin gold films using DLW technique and femtosecond laser ablation is capable of delivering periodic structures with typical feature size in sub-micrometer range (0.6 − 0.8 μ)m, and lattice period of about 1.0 μm, as well as various quasi-periodic and random structures. For the periodic structures, optical transmission measurements and theoretical FDTD simulations reveal spectral transmission bands at infrared wavelengths, which are most likely associated with formation of surface plasmons, as is evident from resonant localization of the near-field within the transmission bands and the associated enhancement of the near-field intensity near the edges of laser-ablated apertures. The fabricated structures may be potentially interesting as spectral filters in the IR spectral range, and also as near-field enhancement devices that may help promote nonlinear optical phenomena (such as non-linear absorption and photoluminescence) at infrared wavelengths. Although theoretical simulations predict moderate field intensity enhancement factors of ∼ 20 in the fabricated structures, yield of non-linear processes would increase somewhat stronger. Resonant transmission bands in the fabricated structures overlap with optical communications wavelength range (1.3 − 1.6 μm), which is attractive spectral region for various applications, including FSS and SP structures. Ease, high-speed, and cost-efficiency of the fabrication process indicate the potential of DLW fabrication technique for micro-and nano-structuring of planar metallic structures. This approach should be also suitable for other noble metals, such as Ag, Al, and Cu.
